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Antineutrinos stream freely from rapidly decaying fission products within nuclear reactors and from
long-lived radioactive isotopes and their daughters within Earth. They carry important informa-
tion about their shrouded sources and about the fundamental properties of neutrinos themselves.
The most energetic of these global antineutrinos produce detectable signatures in large, ultra-clear
volumes of scintillating liquid, or water doped with gadolinium, viewed by photomultiplier tubes.
Information on sources and neutrino properties traditionally results from measuring the energy
spectrum rather than from mapping the directions of the antineutrinos. Isolating the spectrum of
a source of interest requires knowledge of the spectra of background sources. We introduce a web
application for modeling the rate and energy spectrum of antineutrino interactions from nuclear
power reactors as well as from the crust and mantle of Earth. Results are instantly available for any
surface location. Users may select the location of their device, choose one of 25 existing or potential
subsurface detection sites, designate a given location, or explore by moving the cursor over the global
map. There are functions for viewing and downloading the energy spectra of individual sources,
calculating the significance of observing the signal from a given source relative to the background
from the other sources, and injecting the signal from a hypothetical reactor of specified power and
location. We demonstrate the utility of the web application with several examples relevant to remote
nuclear monitoring and observational neutrino geosciences.
I. INTRODUCTION
Global antineutrinos arise from naturally-occurring ra-
dioactivity within Earth and operating nuclear power re-
actors [1]. Important information on these sources and
on the properties of neutrinos themselves presently comes
from measuring the rate and energy spectrum of the
interactions of antineutrinos rather than from mapping
their directions. Detecting antineutrinos from nuclear
reactors at short [2, 3] and long [4, 5] distances moni-
tors the operation and identifies the location and power
of the reactor with important applications for nuclear
non-proliferation [6]. Such detections also provide fun-
damental understanding of neutrinos [7–9]. Detecting
antineutrinos from the nuclear cascades of thorium-232
and uranium-238 within Earth [10] estimates terrestrial
radiogenic heating [11, 12], leading to a more complete
understanding of the composition, structure, and ther-
mal evolution of our planet [13]. Global antineutrinos
emerge from nuclear beta-minus decays, which produce
a characteristic energy spectrum for each isotope. While
the mixture of isotopes decaying within a source uniquely
determines the energy spectrum of the emitted antineu-
trinos, neutrino oscillations distort the spectrum of de-
tected antineutrinos in a pattern determined by the dis-
tance from the source. The rate and energy spectrum
of global antineutrino interactions varies dramatically
with surface location. Recent modeling projects provide
static maps of the surface flux of antineutrinos [1, 14]
with planned revisions as the inventory of nuclear reac-
tors changes, the exposures of Earth antineutrino obser-
vations increase, and the precision of geological model-
ing improves. The web application, described herein and
available at https://geoneutrinos.org/reactors/, comple-
ments the static mapping projects by instantly estimat-
ing and displaying the rates and energy spectra of an-
tineutrino interactions from nuclear power reactors as
well as from the crust and mantle of Earth. This dy-
namic display allows users to download the estimated
energy spectra of the various sources at any selected sur-
face location. Available antineutrino source spectra in-
clude the sum of all power reactors, the closest reactor
core, a hypothetical user-defined reactor core, and the
separate contributions from thorium-232 and uranium-
238 within Earth. A calculator samples these spectra to
estimate the significance of an antineutrino source rela-
tive to other sources within a selected energy range for a
given exposure.
II. NEUTRINOS
A neutrino (ν), or little neutral one, is a nearly mass-
less, electrically neutral subatomic particle. Neutrinos
travel almost unimpeded through matter, effectively in-
teracting only via the short-range weak force. During
weak interactions, neutrinos associate with one of three
electrically charged and far more massive particles: an
electron, muon, or tau (e, µ, or τ). These associa-
tions represent the neutrino flavor states: νe, νµ, and
ντ . While traveling between interactions, neutrinos have
associations with all flavors. The amount of each asso-
ciation varies along the neutrino path with predictable
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2amplitude and energy-dependent wavelength. These fla-
vor oscillations follow from a changing mixture of three
neutrino mass states: ν1, ν2, and ν3. Antineutrinos, with
symbols νe, νµ, and ντ , are the antiparticles correspond-
ing to neutrino flavor states.
Electron antineutrinos (νe) appear during nuclear
transmutation by beta-minus (β−) decay,
[A,Z]→ [A,Z + 1] + β− + νe, (1)
where A is the atomic mass number and Z is the atomic
charge number. The three-body decay makes a spec-
trum of νe energies. A greater difference in rest mass
between the parent [A,Z] and daughter [A,Z+1] radioiso-
topes gives a greater maximum energy of the νe spectrum
and a shorter lifetime of the parent.
Detecting electron antineutrinos traditionally exploits
the inverse of β− decay (1), involving a free proton (p)
[7], or hydrogen (H) nucleus. In this case, the reaction
νe + [A,Z + 1]→ [A,Z] + β+ (2)
is typically written as
νe + p→ n+ e+. (3)
When the antineutrino interacts with a free proton in
either scintillating liquid (CH2) or water (H2O) doped
with gadolinium, the products of inverse beta decay (3)
can form a coincidence of detectable signals, initially from
the positron (e+ or β+) and quickly thereafter (<∼ 1 ms)
from the nearby (<∼ 1 m) capture of the neutron (n).
The interaction cross section is
σ(Ee) = (9.62× 10−44cm2MeV−2)peEe, (4)
where Ee and pe =
√
E2e −m2e are the positron energy
and momentum, respectively, and me is the positron
mass all in energy units (MeV). Assuming the nucleon
mass is infinite, then the energy of the incident electron
antineutrino Eνe relates to the energy of the positron Ee
by
Eνe = Ee + ∆, (5)
where ∆ = Mn − Mp is the mass difference between
neutron and proton [15]. With this assumption, it is
straightforward to convert the cross section as a function
of positron energy (4) to a function of antineutrino en-
ergy σ(Eνe). Moreover, the direct relationship between
the positron and antineutrino energies (5) allows a precise
estimate of the energy spectrum of antineutrinos above
the detection threshold, which is approximately equal to
∆ +me ' 1.8 MeV, by measuring the positron signal.
III. REACTOR ANTINEUTRINOS
Nuclear reactors generate heat by controlled fission of
uranium and plutonium isotopes. Antineutrinos emerge
TABLE I: Coefficients for estimating the differential
energy spectra of antineutrinos for the main fissile
isotopes: 235U, 238U, 239Pu, and 241Pu.
Isotope a0 a1 (MeV
−1) a2 (MeV−2) a3 (MeV−3)
235U 1.740 -0.7976 0.05122 -0.009664
238U 0.8651 -0.08484 -0.08347 -0.0006647
239Pu 1.399 -0.6211 -0.01117 -0.005785
241Pu 1.160 -0.3722 -0.04199 -0.004548
from the beta-minus decays (1) of the many fission frag-
ments. The main fissile isotopes are 235U, 238U, 239Pu,
and 241Pu. An estimate of the differential energy spec-
trum λ(Eνe) of antineutrinos emitted by the fission of a
given isotope is the exponential of a degree three poly-
nomial of antineutrino energy. Specifically, in units of
/fission/MeV the spectral estimate is
λ(Eνe) = exp(a0 + a1Eνe + a2E
2
νe + a3E
3
νe), (6)
where Eνe is in MeV and the coefficients aj=0,1,2,3 are fit
parameters. Details of the methods for arriving at these
fits are to be presented in another paper. Table I lists the
values of the coefficients of the main fissile isotopes. Fig-
ure 1 shows the estimated emission spectra of these iso-
topes for Eνe > 1.8 MeV. Each isotope (i = 1, 2, 3, 4) re-
leases an average energy per fission Qi, which depends on
the average energy of the emitted antineutrinos [16]. The
estimated interaction rate spectrum (/proton/MeV/s),
ignoring neutrino oscillations, from the ith isotope in a
reactor with thermal power Pth, and at a distance d is
Ri(Eνe) = λi(Eνe)
Pth
Qi
σ(Eνe)
4pid2
, (7)
where λi(Eνe) is given by the spectral estimate (6).
Reconciling the disparate units of the quantities in the
previous equation (7) requires several conversion factors.
Because the Qi values are given in MeV and Pth is typ-
ically given in MW, a factor of 1/e (eV/J), where e is
the elementary charge, reconciles the energy units. With
σ(Eνe) in cm
2/proton and d in km, then a factor of 10−10
(km2/cm2) reconciles the distance units. To express the
interaction rate in terrestrial neutrino units (1 TNU = 1
interaction/1032 protons/y), multiply by 3.15576 × 107
s/y and by 1032. Table II lists the adopted values of the
physical constants used for calculating interaction rate
spectrum (7).
TABLE II: Values of physical constants [17].
Mn (MeV) Mp (MeV) me (MeV) e (10
−19 C)
939.565413 938.272081 0.5109989461 1.6021766208
To change the interaction rate from TNU to interac-
tions per kilo-tonne (kT) of water per year, multiply by
0.668559 /TNU/kT(H2O)/y. This conversion factor fol-
lows from the molar mass of water given as 18.01528
3g/mole. If water is loaded with 0.2% by mass of gadolin-
ium sulfate (Gd2(SO4)3), which incidentally has mo-
lar mass 603.183 g/mol, conversion from TNU to inter-
actions per kT of Gd-H2O requires a slightly smaller
adjustment factor of 0.667222 (= 0.668559 × 0.998)
/TNU/kT(Gd-H2O)/y.
Summing the contributions from the main fissile iso-
topes scaled by the corresponding isotopic power fraction
fi for a given fuel mix, gives the reactor interaction rate
spectrum
R(Eνe) =
∑
i
Ri(Eνe)fi. (8)
The several types of commercial power reactors [18] burn
one of three mixes of nuclear fuel, giving rise to distinct
antineutrino spectra. Most types (PWR, BWR, GCR,
LWGR) burn low enriched uranium (LEU) with a select
portion adding plutonium-rich mixed oxides at 30% of
the total power (LEU+MOX). Reactors moderated with
heavy water (PHWR) burn natural or slightly enriched
uranium. Table III lists values for the power fractions [14,
19] and the thermal energies per fission, corresponding to
the midpoint of the reactor operating period. Figure 2
shows the resulting energy spectra of the antineutrino
interaction rate without oscillations at a distance of 1
km due to 1 MW of thermal power for the three fuel
mixes.
TABLE III: Fission energies Qi and power fractions fi
for 235U, 238U, 239Pu, and 241Pu. Power fractions vary
by nuclear fuel mix: LEU (PWR, BWR, GCR, LWGR),
LEU+MOX (PWR, BWR) [14], PHWR [19].
235U 238U 239Pu 241Pu
Qi (MeV) 201.91 205.00 210.93 213.42
fi (LEU) .560 .080 .300 .060
fi (LEU+MOX) .392 .080 .422 .106
fi (PHWR) .520 .050 .420 .010
IV. NEUTRINO OSCILLATIONS
Neutrino flavors, which associate with the charged lep-
tons (e, µ, τ), are quantum mechanical mixtures of three
neutrino mass states (m1, m2, m3). Mixture varies with
distance travelled as a function of energy, according to
the well established phenomenon of neutrino oscillations.
The probability that an electron antineutrino of energy
Eνe in MeV changes flavor after traveling a distance L in
meters is
Pµ,τ (L,Eν) = cos
4 θ13 sin
2 2θ12 sin
2(1.27δm221L/Eνe)
+ cos2 θ12 sin
2 2θ13 sin
2(1.27δm231L/Eνe)
+ sin2 θ12 sin
2 2θ13 sin
2(1.27δm232L/Eνe),
(9)
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FIG. 1: Reactor antineutrino emission spectra of the
four main fissile isotopes, 235U, 238U, 239Pu, and 241Pu,
as a function of energy above the threshold for inverse
beta decay (3) and estimated using the parameters
given in Table I.
TABLE IV: Neutrino oscillation parameter values for
normal(inverted) mass ordering [17]: solar mixing angle
θ12, reactor mixing angle θ13, and mass-squared
differences δm2ij .
sin2 θ12 δm
2
21 sin
2 θ13 δm
2
31
.297 7.37× 10−5eV2 .0215(.0216) 2.56(2.47)× 10−3eV2
where δm2ji = m
2
j − m2i is the neutrino mass-squared
difference in eV2 and θ12, θ13 are the solar, reactor mix-
ing angles, respectively. The complementary probability,
Pe(L,Eν) = 1 − Pµ,τ , gauges survival of electron flavor.
Table IV lists the neutrino oscillation parameter values
[17] used to estimate the spectra of reactor antineutrino
interactions by inverse beta decay (3).
Reactor antineutrinos which convert to νµ and ντ do
not initiate inverse beta decay (3). They do, however,
interact by elastic scattering
ν + e→ ν + e, (10)
although with smaller cross section than do νe. Neutrino
oscillations reduce the interaction rate and distort the
energy spectrum of the detected charged lepton more for
inverse beta decay (3) than for elastic scattering (10).
The spectral distortion of inverse beta decay (3) interac-
tions provides important information on the distance to
the source of antineutrinos [4, 21].
4Antineutrino Energy (MeV)
In
te
ra
ct
io
n 
Sp
ec
tra
 (T
NU
/M
eV
)
LEU
PHWR
LEU+MOX
Old Web App
0
20
40
60
80
100
120
140
160
1 2 3 4 5 6 7 8 9 10
FIG. 2: Antineutrino interaction rate spectra without
oscillations normalized to 1 MW of thermal power and
a standoff distance of 1 km for light-water reactors
burning LEU (green) and LEU+MOX (blue), and for
heavy water moderated reactors PHWR (red). The
spectrum used previously for all reactor types [20]
(black) is shown for comparison.
V. DISTANCE APPROXIMATION
This web application quickly displays the estimated re-
actor antineutrino interaction rate and energy spectrum
at Earth surface locations. The calculation requires the
distances between the surface location and nuclear power
reactors. This distance appears as d in the interaction
rate spectra (7) and as L in the oscillation probability
equation (9). To simplify the calculation, surface loca-
tions and all reactors are assumed to lie on a sphere of
radius Re = 6371 km. The angular separation α between
the surface location and a given reactor then determines
the distance, according to
d (orL) = 2Re sin
α
2
. (11)
Distances less than 100 km retain the full precision (64
bit) offered by the code, while those greater than 100 km
are rounded to the nearest km. Rounding introduces a
maximum interaction rate uncertainty of <∼ 1% to the
contribution from an individual reactor core.
VI. EARTH ANTINEUTRINOS
According to the standard geochemical model [22], tho-
rium and uranium reside almost exclusively in the silicate
crust and mantle of Earth with negligible amounts in the
metallic core. Thorium and uranium isotopes transmute
to stable isotopes of lead through a series of α and β de-
cays. Several β− decays in the 232Th and 238U series have
endpoint energy greater than the interaction threshold
of inverse beta decay (3), providing an observable Earth
antineutrino (geo-neutrino) signal [23]. The probability
density distributions of the thorium and uranium inter-
action spectra as a function of energy are displayed in
Figure 3. The difference in the shapes of these distribu-
tions offers an opportunity for separately measuring the
contributions from thorium and uranium, The ratio of
the interactions from thorium and uranium relates to the
equivalent thorium to uranium mass ratio Th/U of the
Earth as sampled at a given location [23]. Geo-neutrino
observations reported to date lack sufficient exposure to
measure the thorium to uranium ratio of the detected
interactions.
The surface geo-neutrino signal is observed with signif-
icance by two underground detectors, one in Japan [11]
and one in Italy [12]. Although a geological model of
the crust predicts distinct variation in the surface geo-
neutrino signal [24], the observed signals are consistent
with each other. It remains the task of future observa-
tions, perhaps with detectors at locations informed by
this web application, to independently test this geologi-
cal model.
The web application displays at each Earth surface lo-
cation the rate and energy spectrum of geo-neutrino in-
teractions. The contribution from the crust is estimated
by a model prediction of the non-oscillated geo-neutrino
fluxes from thorium and uranium [24]. Fluxes are con-
verted to interaction rates using standard methods [23].
An average survival probability, given by
<Pe>=
1
2 cos
4 θ13
(
1− sin2(2θ12)
)
+ sin4 θ13 (12)
accounts for the effects of neutrino oscillations. A con-
stant suppression factor of 0.5581 ± 0.0083 (0.5580 ±
0.0083) for normal (inverted) mass ordering follows from
the adopted mixing angle values and their uncertainties
[17]. The web application uses default values for the
mantle geo-neutrino rate and energy spectrum (Th/U).
However, due to uncertainties in the model-dependent
predictions, the user of the web application can specify
alternative values.
VII. SIGNAL SIGNIFICANCE
A feature of this web application is the assessment of
the significance of observing a signal in the presence of
background. Presently, the web application does not in-
clude background due to non-antineutrino sources, such
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FIG. 3: Geo-neutrino interaction spectra normalized to
one inverse beta decay (3) interaction from thorium and
from uranium during an exposure of 1032 free protons
for 1 year (1 TNU).
as cosmogenic neutron-rich isotopes (e.g. 9Li), fast neu-
trons, or random coincidences. The assessment statistic
is
Nσ =
S
√
t√
S + 2B
, (13)
with S the signal, B the background, and t the detec-
tor live time. The denominator represents the Poisson
error on the total number observed events, where the
doubling of the antineutrino-initiated background (B)
approximates the inclusion of non-antineutrino sources.
With Nσ a bare number, S and B in TNU, then t is given
in years of exposure of a detector with 1032 free proton
targets. To reach the same significance with a 1-kT wa-
ter target, divide the time by the appropriate conversion
factor (/TNU/kT/y) given in section III.
VIII. WEB APPLICATION
The web application presents a Mercator projection of
Earth and a spectrum plot of the antineutrino interac-
tion rate. On the map, land areas are shown in tan with
country borders in thin magenta lines and water areas
are shown in blue. A scroll-over window in the upper
right corner of the map allows users to display markers
at the locations of reactors (green dots- LEU, blue dots-
LEU+MOX, red dots- PHWR) and of existing and po-
tential underground and undersea detection sites (purple
dots). A pop-up window with information on the reactor
Antineutrino Energy, Eν (MeV)
 D
iff
er
en
tia
l R
at
e,
 d
R/
dE
ν (
TN
U/
10
 k
eV
)
Total
Reactors
Closest
Geoneutrinos
Uranium
Thorium
0
0.5
1
1.5
1 2 3 4 5 6 7 8 9
Antineutrino Energy, Eν (MeV)
 D
iff
er
en
tia
l R
at
e,
 d
R/
dE
ν (
TN
U/
10
 k
eV
)
Total
Reactors
Closest
Geoneutrinos
Uranium
Thorium
0
0.2
0.4
0.6
1 2 3 4 5 6 7 8 9
FIG. 4: Model estimate of the energy spectrum of the
global antineutrino interaction rate at Kamioka for
January 2010 (left panel) and January 2015 (right
panel). Note the change of the interaction rate scale.
The contribution from reactors decreases dramatically
from 2010 to 2015, due to the shut down of reactors in
Japan following the To¯hoku earthquake and tsunami on
March 11, 2011, while that of geo-neutrinos stays the
same.
or detection site appears when clicking on a marker. In-
formation on a reactor includes the name, design power,
core type, and the value of the logical variable for burn-
ing of mixed oxide (MOX) fuel. Information on a de-
tection site includes the name and the depth (overbur-
den) given in equivalent meters of water (m.w.e.). The
spectrum plot displays the sum of all interaction rates
(Total- black line) and the contribution from all power re-
actors (Reactors- shaded green), the closest reactor core
(Closest- shaded gray), geo-neutrinos (Geo-neutrinos-
shaded yellow), uranium geo-neutrinos (Uranium- blue
line), and thorium geo-neutrinos (Thorium- red line).
Figure 4 shows examples of the spectrum plot for the
Kamioka site in Japan both before and after the To¯hoku
earthquake and tsunami on March 11, 2011. The striking
difference between the before and after spectra reflects
shutdown of most nuclear power reactors. In addition to
the map and spectrum plot, the web application has five
main pages: “Detector”, “Reactors”, “GeoNu”, “Out-
put”, “Inputs”, which are accessed by tabs below the
spectrum plot.
The Detector page has two panes: “Spectrum Stats”
and “Location.” The Spectrum Stats pane reports vari-
ous antineutrino interaction rates and distances, and it
has the “Invert Neutrino Mass Ordering” checkbox. The
Location pane contains “Latitude (deg N)” and “Longi-
tude (deg E)” boxes for the detection site, the “Follow
Cursor On Map” checkbox, the “Location Presets” box,
and the “Use My Current Position” button. There are
25 preset locations, corresponding to existing or potential
subsurface detection sites. Table V lists the latitude, lon-
gitude, and depth (overburden in meters of water equiv-
alent or m.w.e.) of these sites.
The Reactors page has three panes: “Thermal Pow-
ers,” “Reactor List,” and “Custom Reactor.” The Ther-
mal Powers pane allows users to set the default thermal
6TABLE V: Latitude, longitude, and approximate
overburden of sites available as preset locations.
Site Lat (N) Lon (E) Depth (mwe)
Asia
Guemseong 35.05 126.70 950
INO 9.95 77.28 3000
Jiangmen 22.12 112.51 2100
Jinping 28.15 101.71 6720
Kamioka 36.42 137.30 2050
Lake Baikal 51.77 104.40 1100
Europe
Baksan 43.24 42.70 4900
Boulby 54.55 -0.82 2805
Canfranc 42.77 -0.56 2450
Fre´jus 45.14 6.69 4200
LNGS 42.45 13.58 3100
Pyha¨salmi 63.66 26.04 4000
Mediterranean
Antares 42.80 6.17 2500
Nestor 36.63 21.58 4000
NEMO Test 37.55 15.38 2080
North America
IMB 41.75 -81.29 1570
KURF 37.38 -80.66 1400
SNOLab 46.47 -81.20 6010
Soudan 47.82 -92.24 1950
SURF 44.36 -103.76 4300
WIPP 32.37 -103.79 1600
Oceania
SUPL -37.07 142.81 2700
Pacific Ocean
ACO 22.75 -158.00 4800
MARS 36.71 -122.19 890
South America
ANDES -30.25 -69.88 4200
power of all operating power reactor cores during a user-
specified range of monthly data (January 2003 through
December 2016) to either their reported mean power out-
put (Mean) or their rated power output (Max). The Re-
actor List pane alphabetizes in a scrollable table the re-
actor core name, thermal power, and type, and with the
“Power Override” box allows users to individually set
the thermal power of each core to either Max, Default
(Mean or Max), or 0. The Custom Reactor pane has the
“Power” box for setting the thermal power of the custom
reactor, the “Use Custom Reactor” checkbox, and the
“Location” sub-pane. The Location sub-pane has boxes
for displaying/setting the custom reactor “Latitude (deg
N),” “Longitude (deg E),” and “Uncertainty (km)” val-
ues as well as the “Randomize” button.
The GeoNu page has the “Mantle” and “Crust” panes.
The Mantle pane has the “Mantle Signal” box for setting
the interaction rate in TNU from mantle geo-neutrinos
and the “Th/U Ratio” box for setting the spectral shape
of the mantle geo-neutrino signal. The Crust pane has
the “Include Crust Signal” checkbox and information on
the source of the crust flux values [24].
The Output page has the “Calculator” pane and the
“Output Data” box for inspecting, or copying, the plot-
ted energy spectrum values. The Calculator pane has
the “Signal (bkgnd)” box for selecting the source (back-
ground) of the antineutrino sectrum, the “Solve For” box
for selecting whether the calculation returns the “Expo-
sure Time” or the “Significance,” the “Emin (MeV)” and
“Emax (MeV)” boxes for setting the lower and upper en-
ergy cuts on the spectrum to be analyzed, the “Time
(years)” box for setting the exposure time if the Solve-For
box is set to Significance, and the “Nσ” box for setting
the significance if the Solve-For box is set to Exposure
Time. The Output Data box contains the energy spec-
trum of the global antineutrino rate and its components
at the selected location. The spectral data, which range
from 1.805 to 9.995 MeV, are differential rates in units
of TNU/MeV. There are six columns of data separated
by commas, which correspond to: total rate, rate from
all known power reactor cores, rate from closest reactor
core, rate from user-defined core (0 if not using a custom
reactor), rate from uranium geo-neutrinos, and rate from
thorium geo-neutrinos. There are 820 rows of data un-
der each column. The first entry in each column is the
differential rate for the energy range 1.805 to 1.815 MeV,
which overlaps the threshold of the electron antineutrino
inverse beta decay interaction on a free proton. For plot-
ting or further analysis, users simply copy and paste the
contents of this box into a text file or spreadsheet pro-
gram.
The Inputs page displays the values of the physical
constants and parameters that are used in estimating the
various antineutrino signals. Reactor antineutrino emis-
sion spectral parameters are given in Table I. Physical
constants are given in Table II. Isotopic fission energies
and power fractions for the various nuclear fuel mixes
are given in Table III. Neutrino oscillation parameters
are given in Table IV.
The web application uses Jekyll
(https://jekyllrb.com/), which is a static website
generator. Jekyll renders web page templates once and
then stores them for retrieval by the user agent, eliminat-
ing the need for server-side processing and maintenance.
The primary user interface is rendered on the client
side using React (https://facebook.github.io/react/),
a component-based UI framework. React speeds both
development and page rendering by reusing components
and taking care of the expensive web page DOM up-
dates. Client-side scripts are written in ECMAScript
2015 and converted by trans-compiler to ECMAScript
5 for wider compatibility. Further details of the web
application’s functions are given in the Appendix.
IX. DISCUSSION
We demonstrate this web application with several ex-
amples relevant to the monitoring of nuclear reactors and
7observational neutrino geosciences. Readers can follow
along by visiting https://geoneutrinos.org/reactors/.
Detecting the diversion from the reactor core of a sig-
nificant quantity of material (e.g. 8 kg 239Pu), which
could be directly used in manufacturing a nuclear ex-
plosive device is an established nuclear safeguard [25].
Such a diversion from a reactor core could occur dur-
ing shutdown for refueling. This applies to cores other
than PHWR, which continuously refuel. The capability
of meeting the criteria of this safeguard by observing a
transition in the operation state of a reactor core by mea-
suring reactor antineutrinos is an area of active research.
Electron antineutrino detectors of cubic meter size are
capable of monitoring the operation of nuclear reactors
when deployed about 10 meters from the reactor core
and at a depth equivalent only to about 10 meters of wa-
ter. Successful demonstrations include the monitoring of
both 3-GW commercial [3] and 70-MW research [2] reac-
tors. Demonstrations at greater distances require larger
detectors, probably operating under greater overburden.
Indeed, such a nuclear monitoring demonstration project
[26] prepares to deploy a detector of ∼ 1kT of water
doped with gadolinium in the Boulby Mine. The mine,
which is at a depth equivalent to ∼ 2.8 km of water,
is 25 km from the Hartlepool Nuclear Power Station on
the north-east coast of the North York Moors, England.
To accommodate the detector, the project plans a new
excavation in the mine.
To display the estimated rate and energy spectrum of
antineutrinos at the Boulby Mine site, select “Boulby”
under the ”Europe” category in the Location Presets box
on the Location pane of the Detector page. The results
show that the total rate is dominated by the two proximal
reactor cores of the Hartlepool Nuclear Power Station.
Each 1500 MW core contributes ∼ 42 (46)% of the total
rate with all reactor cores active in 2016 operating at
full (average) power. Rough estimates of the live time
required to observe the antineutrino signal from one or
more reactor cores in the presence of background from all
other cores and geo-neutrinos are available on the Output
page.
The following estimates obtain with all reactor cores
active in 2016 operating at 100% of the rated powers. To
reproduce this scenario navigate to the Reactors page,
select “Max” and the monthly range “2016-01” to “2016-
12” in the Thermal Powers pane. Now go to the Output
page and select Closest Core (geonu + other reactors
background) in the Signal (bkgnd) box in the Calcula-
tor pane. According to assessment statistic (13), a 3σ
observation of the signal from one Hartlepool core with
background including the other Hartlepool core, all more
distant reactor cores, and geo-neutrinos requires ∼ 16
(24) days of live time with a perfect detector of 1032 free
proton targets (1 kT water). To estimate the live time re-
quired for a 3σ observation of the signal from one Hartle-
pool core with the other core off, return to the Reactors
page and search the alphabetical list of reactor cores to
find one of the Hartlepool cores and click the box in the
righthand column until the power for that core is set to
zero. The Output page now shows that ∼ 7.4 (11) days
of live time with a perfect detector of 1032 free proton
targets (1 kT water) produce a 3σ observation for this
scenario. Increasing the signal to both Hartlepool cores
requires ∼ 2.9 (4.3) days of live time with a perfect de-
tector of 1032 free proton targets (1 kT water) to produce
a 3σ observation.
The actual dwell times, measured in calendar days,
that are required to achieve the same level of signifi-
cance is longer for a less-than-perfect detector (efficiency,
 < 1). An estimate of dwell time results from dividing
the live time by the detection efficiency (tdwell = t/).
Moreover, simply observing the antineutrino signal from
one or more reactor cores does not fully address the nu-
clear monitoring goal of confirming the transition in the
operation state of an individual core. Confirmation of
such a transition is more demanding than observing the
signal. Estimating the dwell time for confirming a tran-
sition is beyond the scope of this paper.
While a 25 km stand-off distance is remarkable com-
pared with the ∼ 10 meter distances demonstrated by the
cubic meter detector projects [2, 3], there are opportuni-
ties for exploring greater distances. Super-Kamiokande
(SK) [27], which is a 22.5 kT water Cherenkov detector
in the Kamioka mine in central Japan, presents such an
opportunity. The SK project plans to add 0.2% gadolin-
ium sulfate (Gd2(SO4)3) to the water [28] (SK-Gd) to in-
crease sensitivity to antineutrino interactions by inverse
beta decay (3). An opportunity for observing the an-
tineutrino signal from one or more reactor cores with
SK-Gd emerges as nuclear power plants in Japan restart
following shutdown due to the March 11, 2011 To¯hoku
earthquake and tsunami. Consider scenarios involving
Takahama-3 and Takahama-4, which were restarted in
early June and late May of 2017, respectively, and Ohi-3
and Ohi-4, which are scheduled to resume operation in
early 2018. Both of the 2660 MW Takahama cores are
∼ 190 km from SK, while both of the 3423 MW Ohi
cores are ∼ 178 km from SK. Table VI presents rough
estimates of the live times required by SK-Gd for various
3σ observations of these reactor cores in Japan.
One goal of nuclear monitoring is the discovery of a
clandestine reactor. The web application aids in speci-
fying the observational requirements to make such a dis-
covery. The following example is considerably contrived
and fully hypothetical. Nonetheless, it serves to illustrate
the function of the web application. Set the detector lo-
cation as 38.27 N and 127.11 E). In the Reactors page
set the Use Custom Reactor checkbox and dial up the
Power box to 40 MW. In the Location sub-pane enter
Latitude 38.72 N and Longitude 127.15 E. This provides
a distance of ∼ 50 km between the hypothetical detector
and reactor positions. The energy spectrum plot on the
Detector page shows the rate from the closest reactor is
only about 5% of the total rate. Selecting Closest Core
(geonu + other reactors background) in the Signal box
of the Calculator pane on the Output & Stats page with
8TABLE VI: Estimates of the live days required by
Sk-Gd for various 3σ observations of the Takahama-3,4
and Ohi-3,4 reactor cores in Japan. Other indicates all
reactor cores active in 2016 other than those at the
Takahama (Tak) and Ohi power plants. Gnu indicates
geo-neutrinos.
Signal Background Live days
Tak-3(4) Tak-4(3)+Other+Gnu 106.0
Tak-3(4) Other+Gnu 85.0
Tak-3,4 Other+Gnu 23.9
Tak-3(4) Tak-4(3)+Ohi-3,4+Other+Gnu 168.9
Tak-3(4) Ohi-3,4+Other+Gnu 148.0
Tak-3,4 Ohi-3,4+Other+Gnu 39.6
Ohi-3(-4) Ohi-4(3)+Tak-3,4+Other+Gnu 72.6
Ohi-3(-4) Tak-3,4+Other+Gnu 58.6
Ohi-3,4 Tak-3,4+Other+Gnu 16.4
the Solve For box set to Exposure Time finds that ∼ 30
live years of exposure of a perfect detector with 1032 free
proton targets is required for a 3σ detection. If the posi-
tive detection is required in n years, then the number of
antineutrino targets is given by 30/n×1032 free protons.
A positive detection in one year would require about 45
kT of water. A project to build a detector of about this
size is already under discussion [29], making the present
example not outside the realm of possibility.
The final example is relevant to neutrino geosciences.
It uses a site in the Sanford Underground Research Fa-
cility in South Dakota. Select “SURF” under the “North
America” category in the Location Presets box in the Lo-
cation pane of the Detector page. The energy spectrum
plot shows that the estimated signal is dominated by geo-
neutrinos, especially at low energy (Eνe < 3.3 MeV).
Indeed, the Spectrum Stats pane reveals that the clos-
est reactor is ∼ 700 km distant. Moving to the Output
& Stats and selecting Geoneutrino (reactor background)
in the Signal box in the Calculator pane shows that a
3σ observation of geo-neutrinos would result from a per-
fect detector of 1032 free proton targets exposed for 0.55
years. The signal to background ratio is enhanced by
cutting the spectrum above endpoint energy of the geo-
neutrinos (∼ 3.3 MeV). Reducing “Emax” in the Calcu-
lator pane from the default value of 10 MeV to 3.3 MeV
lowers the live time requirement from over 0.5 years to
just under 0.3 years. Table VII presents rough estimates
of the live times required by Theia [29] for 3σ observa-
tions of various geo-neutrino signals.
X. UPDATES, ADDITIONS, AND REVISIONS
As with the static mapping projects [1, 14] updates,
additions, and revisions would improve this web appli-
cation. A straightforward update would include reactor
load factor data from 2017. Adding uncertainties to the
modeled antineutrino rates would be useful. Although
TABLE VII: Estimates of the live days required by
Theia [29] at 30-kT of water-based liquid scintillator for
3σ observations of various geo-neutrino signals.
Signal Background Live days
Total-Gnu Max-Reactors 5.3
Mantle-Gnu Crust-Gnu+Max-Reactors 239.4
U-Gnu Th-Gnu+Max-Reactors 10.0
Th-Gnu U-Gnu+Max-Reactors 174.9
uncertainties on the rate and energy spectrum of antineu-
trinos from reactors of known power output are relatively
small (< 5%), uncertainties associated with the geologi-
cal antineutrino rates are considerably larger (∼ 20% for
the crust and > 50% for the mantle). Refinements to the
estimates of radiogenic element concentrations in conti-
nental crust and larger detector exposures to the geo-
neutrino flux would improve knowledge of the antineu-
trino rate and spectrum from the mantle. There remains
a very interesting possibility of enhanced geo-neutrino
emission from two seismically resolved large structures at
the base of the mantle [30], the so-called large low-seismic
velocity provinces (LLSVPs). Incorporating the seismic
models and the ability to specify radiogenic element con-
centrations within a volume defined by deficits in seismic
speed would allow calculation of corresponding surface
rate enhancement. As the capability to resolve the direc-
tion of antineutrino signals develops, the angular distri-
butions of sources at a given detection site become ben-
eficial [31]. Adding the means to plot anisotropic crust,
reactor, and LLSVP distributions would be helpful. Im-
provements to the estimate of the crust rate, potential
revisions include upgrading the geo-neutrino and reactor
spectra with those resulting from more precise calcula-
tions. Adding estimates of the depth-dependent back-
ground due to secondary cosmic rays, such as production
of 8He and 9Li, would be a reasonable effort.
XI. CONCLUSIONS
We present a web application for modeling the rate
and energy spectrum of antineutrino interactions from
nuclear power reactors as well as the crust and mantle
of Earth. Results, which are instantly available for any
surface location, are useful for evaluating the viability
of reactor monitoring demonstration and neutrino geo-
science observation projects. Users of the web applica-
tion may model the location and power of a hypothetical
nuclear reactor, copy energy spectra, and estimate the
significance of a selected signal relative to background.
ACKNOWLEDGMENTS
This work was supported in part by Lawrence Liv-
ermore National Security, LLC. The authors thank A.
9Bernstein for useful comments and suggestions during the
development of the web application, W.F. McDonough
for providing the crust geo-neutrino flux model in a 1-
degree-by-1-degree (LAT-LON) spreadsheet format, and
M. Leyton for help with the calculation and fitting of the
reactor isotope reference spectra.
[1] S. M. Usman et al., “AGM2015: Antineutrino Global
Map 2015,” Sci. Rep. 5, 13945 (2015).
[2] G. Boireau et al., “Online Monitoring of the Osiris
Reactor with the Nucifer Neutrino Detector,”
arXiv:1509.05610 (2015).
[3] N. S. Bowden et al., “Experimental Results from an An-
tineutrino Detector for Cooperative Monitoring of Nu-
clear Reactors,” Nucl. Inst. Meth. A572, 985 (2007).
[4] G. R. Jocher et al., “Theoretical antineutrino detection,
direction, and ranging at long distances,” Phys. Rep.
527, 131 (2013).
[5] T. Lasserre et al., “SNIF: A Futuristic Neutrino Probe for
Undeclared Nuclear Fission Reactors,” arXiv:1011.3850
(2010).
[6] A. Bernstein et al., “Nuclear Security Applications of An-
tineutrino Detectors: Current Capabilities and Future
Prospects,” Sci. Glob. Sec. 18, 127 (2010).
[7] F. Reines and C. L. Cowan, “Detection of the free neu-
trino,” Phys. Rev. 92, 830 (1953).
[8] F. Reines, H. S. Gurr, and H. W. Sobel, “Detection of
νe - e scattering,” Phys. Rev. Lett. 37, 315 (1976).
[9] J. G. Learned et al., “Determination of Neutrino Mass
Hierarchy and θ13 with a Remote Detector of Reactor
Antineutrinos,” Phys. Rev. D78, 071302 (2008).
[10] T. Araki et al., “Experimental investigation of geologi-
cally produced antineutrinos with KamLAND,” Nature
436, 499 (2005).
[11] A. Gando et al., “Reactor on-off antineutrino measure-
ment with KamLAND,” Phys. Rev. D 88, 033001 (2013).
[12] M. Agostini et al., “Spectroscopy of geo-neutrinos from
2056 days of Borexino data,” Phys. Rev. D92, 031101
(2015).
[13] S. T. Dye et al., “Geo-neutrinos and Earth models,”
Phys. Proc. 61, 310 (2015).
[14] M. Baldoncini et al., “Reference worldwide model for
antineutrinos from reactors,” Phys. Rev. D91, 065002
(2015).
[15] P. Vogel and J. F. Beacom, “Angular distribution of in-
verse neutron decay νe + p→ e+ +n,” Phys. Rev. D 60,
053003 (1999).
[16] V. Kopeikin et al., “Reactor as a Source of Antineutrinos:
Thermal Fission Energy,” Phys. Atom. Nucl. 67, 1892
(2004).
[17] C. Patrignani et al., “2017 Review of Particle Physics,”
Chin. Phys. C 40, 100001 (2016).
[18] https://www.iaea.org/PRIS/Glossary.aspx.
[19] M. Chen, private communication, Aug. 14, 2017.
[20] A. M. Barna and S. T. Dye, “Web Application for Mod-
eling Global Antineutrinos,” arXiv:1510.05633 (2015).
[21] S. T. Dye, “Neutrino Mixing Discriminates Geo-reactor
Models,” Phys. Lett. B 679, 15 (2009).
[22] W. F. McDonough and S.-s. Sun, “The composition of
the Earth,” Chem. Geol. 120, 223 (1995).
[23] S. T. Dye, “Geo-neutrinos and the radioactive power of
the Earth,” Rev. Geophys. 50, RG3007 (2012).
[24] Y. Huang et al., “A reference Earth model for the heat
producing elements and associated geoneutrino flux,”
Geochem., Geophys., Geosyst. 14, 2003 (2013).
[25] “IAEA Safeguards Glossary,” http://www-pub.iaea.org/
(2001).
[26] M. Askins et al., “The Physics and Nuclear Nonprolifera-
tion Goals of WATCHMAN: A WAter CHerenkov Moni-
tor for ANtineutrinos,” http://arxiv.org/abs/1502.01132
(2015).
[27] Y. Fukuda et al., “The Super-Kamiokande detector,”
Nucl. Instrum. Meth. A 501, 418 (2003).
[28] J. F. Beacon and M. R. Vagins, “GADZOOKS! Antineu-
trino spectroscopy with large water Cherenkov detec-
tors,” Phys. rev. Lett. 93, 171101 (2004).
[29] G. D. Orebi Gann et al., “Physics potential of an
advanced scintillation detector: Introducing THEIA,”
arXiv:1504.08284 (2015).
[30] O. S˘ra´mek et al., “Geophysical and geochemical con-
straints on geoneutrino fluxes from Earth’s mantle,”
Earth Planet. Sci. Lett. 361, 356 (2013).
[31] M. Leyton, S. Dye, and J. Monroe, “Exploring the hid-
den interior of the Earth with directional neutrino mea-
surements,” Nat. Commun. 8, 15989 (2017).
Appendix A: Web Application Programming Details
1. Web Page Template Rendering
A templating system minimizes code repetition and
speeds development. Specifically, we use Liquid
(https://shopify.github.io/liquid/) A base template is de-
fined (see: webnu/templates/base.html in the source),
which contains basic elements displayed on all pages.
This would include the Hypertext Markup Language
(HTML) headers, the navigation bar appearing on ev-
ery page, the JavaScript script, and the web style sheets,
which are used by all pages. The base page template
includes several placeholders where content from other
page templates can be placed.
Other page templates are inherent and extend the base
page template. When, for example, the /reactors page is
requested, the reactor page template is found and starts
to be rendered. The reactor page template has a declara-
tion to extend the base page template in it and contains
only the content for the placeholders in the base page
template. This content is then placed inside the place-
holders and the entire result is returned to the user.
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2. User Input Events
The interaction between the browser rendered docu-
ment and any JavaScript is usually by what are called
Events. Events are fired automatically by the web
browser when the user performs certain actions. The
reactor page is listening for the following events:
• The Detector position has changed.
• The calculated neutrino spectrum has been up-
dated.
• The ”follow cursor” option has been toggled.
• The ”invert mass ordering” option has been tog-
gled.
• The ”geo-neutrino” options have been changed.
• One or more load factors have changed.
• The ”custom reactor” options have been changed.
• A reactor has had its load factor overridden.
• The Max/Mean thermal power option has been
changed.
Each of these events can cause a state change in the appli-
cation. The events may also cause other events, prompt-
ing a brief discussion of how each event is handled.
a. Detector Position Change
An event listener for the JavaScript mouse-move is at-
tached to the map image. When the cursor (mouse)
moves while over the map, the attached function is called
with the event passed into it. If the Follow Cursor On
Map checkbox is selected, the coordinates from the event
are translated into latitude and longitude. The latitude
and longitude values in the global state are updated. A
synthetic event is fired indicating that the detector posi-
tion has been changed, UI components and other meth-
ods which rely on the detector state are then automati-
cally called and updated.
If the Follow Cursor On Map checkbox is not se-
lected, the function returns immediately without doing
anything.
b. Cursor Click on Map
The JavaScript click event is listened for on the map.
When clicked, usually the Follow Cursor On Map check-
box is toggled. The exception is if the user has clicked
the Place Reactor button. If this is the case, the next
click will set the latitude and longitude of the custom
reactor.
c. Preset Selected
When the user selects an option from the Location
Presets selection input the latitude and longitude for that
detector are placed in the text inputs. The Follow Cursor
On Map checkbox is set to off, then the update spectrum
function is called. Table V lists the sites available from
Location Presets.
3. Spectrum Update
Most user actions require an updated energy spectrum,
making the spectrum update function central to the web
application. The function has several important tasks:
• Get the new user input values;
• Calculate the distances to the detector from all the
reactors;
• Calculate the neutrino oscillation survival proba-
bility distribution for each distance;
• Multiply the reactor output spectrum by the ap-
propriate survival probability distribution;
• Sum all the oscillated reactor output spectra;
• Draw the new spectrum plot;
• Locate the detector and reactor icons on the map;
• Update the spectrum text output.
When the spectrum update function is called it per-
forms the following actions. First, the detector and user
reactor icon locations are set. To do this, the latitude
and longitude of the detector and user reactor are taken
directly from the global state. The detector and user re-
actor marker positions are then set. If the user does not
want the custom reactor to be used, the reactor image
display attribute is set to “none.”
Next the distance and spectral contribution of each
reactor are calculated. For computational simplicity, re-
actor positions are stored as Cartesian coordinates in a
three dimensional array. The distance between each re-
actor and the user provided detector location is given by
the Euclidean distance. The neutrino spectrum function
is called for each reactor, the returning spectra are stored
separately temporarily. The distance loop records which
reactor is the closest to the detector so its contribution
may be plotted separately on the output figure.
The spectrum update function then calculates all the
ancillary output parameters: the distances to the user re-
actor and the closest reactor. It then updates the global
state with several sets of spectrum data: total, IAEA
registered reactors, user reactor, and the geo-neutrino
contribution. A synthetic event indicating that the spec-
trum has been updated is then fired. UI elements relying
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on the spectrum data, such as the line plot figure, are up-
dated. For the figure, since the D3.js (https://d3js.org/)
data binding library is used, this is done simply by in-
structing D3 to use the newly calculated values. The
y-axis domain is updated. The entire figure does not
need to be redrawn, only what has changed.
4. Survival Probability
The neutrino oscillation survival probability Pe(L,Eν)
gives the energy spectrum for an input distance L.
To avoid multiple calls to computationally expensive
trigonometric functions specified by (9), the calculated
spectrum for any given input distance (1 ≤ L ≤ 2Re) in
integer km is cached for future use.
5. Additional Calculation
The resulting signal components are cached for addi-
tional analysis provided by the Calculator pane. On the
Calculator pane, we provide the ability to calculate the
exposure time required to have a user input signal signifi-
cance or the signal significance provided by a given expo-
sure time. The additional analysis does not require recal-
culation of the component signals so the results are nearly
instantaneous. The calculator pane is implemented as an
independent “web app” which only has the results of the
reactor, and geo-neutrino calculations as the input.
